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We develop a stoichiometric SiN membrane-based optoelectromechanical system, in which the
properties of the mechanical resonator can be dynamically controlled by the piezoelectric actuation.
The mode splitting is observed in the mechanical response spectra of a phase-sensitive degenerate
parametric amplifier. In addition, the quality factor Q of the membrane oscillator in this process
is significantly enhanced by more than two orders of magnitude due to the coherent amplification,
reaching a Q factor of ∼ 3× 108 and a f ×Q product of ∼ 8× 1014 at room temperature. The ther-
momechanical noise squeezing close to -3 dB limitation is also achieved. This system integrates the
electrical, optical and mechanical degrees of freedom without compromising the exceptional material
properties of SiN membranes, and can be a useful platform for studying cavity optoelectromechanics.
PACS numbers: 85.85.+j,62.30.+d,42.50.Gy,05.40.-a
Coupling optical and mechanical degrees of freedom
via radiation pressure has attracted great attention ow-
ing to the wide variety of applications as well as the
fundamental studies on the boundary between quantum
and classical physics [1, 2]. Optomechanical interactions
have been successfully investigated for the control of me-
chanical motion and optical processes. A large variety
of optomechanical systems have been explored and have
achieved tremendous progress in the recent years, includ-
ing ground-state cooling of mechanical resonators [3–5],
quantum squeezing of mechanical modes [6–8], genera-
tion of squeezed light [9–11], and so on.
The outstanding challenge to implement such an op-
tomechanical system is the integration of ultrahigh Q me-
chanical oscillator and high-finesse optical resonator on
the same device. A promising optomechanical platform
is introduced at Yale, in which a flexible SiN membrane
with exceptional mechanical properties is placed inside
a high-finesse optical cavity [12]. This approach avoids
compromising the optical and mechanical features by sep-
arating them into two physically distinct objects. So far,
such a membrane-in-the-middle configuration has been
widely adopted for the study of cavity optomechanics
[13–18].
Electrically controllable optomechanical systems ex-
hibits striking advantages and have been a new field of in-
terest recently [19–22]. The electrical actuation can usu-
ally be much stronger than the photonic coupling through
the radiation pressure. Typical optoelectromechanical
systems utilize the piezoelectricity or dielectricity of the
mechanical oscillator itself.
In this Letter, we develop a SiN membrane-based op-
toelectromechanical system, in which the electrodes and
the mechanical oscillator are physically segregated. Not
only can we actuate the membrane oscillation electri-
cally, but more importantly, the stress and the spring
constant of the membrane oscillator can also be dynam-
ically modulated via the piezoelectric actuation by di-
rectly attaching the substrate of the membrane to a ring
piezoelectric actuator. Such a membrane-based optoelec-
tromechanical system offers several advantages compared
to other systems: (i) The electrically controllable capac-
ity is integrated in the promising SiN membrane oscil-
lator system without reducing its excellent performance,
providing an optical-electrical-mechanical and quantum-
compatible device. (ii) Such an electrical channel can also
be used within a feedback loop. Cooperating with op-
tomechanical interaction, this offers a platform to study
many fascinating effects [23–27]. (iii) The piezoelec-
tric way is more straightforward than the reservoir engi-
neering method, without requiring appropriate geomet-
ric and material design [28]. (iv) The buildup of the sys-
tem does not require complicated nano/micro-fabrication
techniques, since all the components used are commer-
cially available.
Parametric resonance is of interest to many fields of
physics [29]. Optical parametric amplifier has witnessed
its great success in quantum optics, nonlinear optics,
laser physics, et al. As a counterpart, mechanical para-
metric effect has attracted significant attention with the
development of fabrication techniques recently [30–37].
Here we study the degenerate parametric amplification
in the membrane-based optoelectromechanical system as
a demonstration. We observe the mode splitting in the
mechanical response spectra of a phase-sensitive para-
metric amplifier. In addition, we demonstrate that the
quality factor of the membrane oscillator can be signifi-
cantly enhanced by more than two orders of magnitude
due to the coherent amplification, reaching a Q factor of
∼ 3 × 108 and a f × Q product of ∼ 8 × 1014, which is
crucial for ground state cooling and quantum manipula-
tion of an optomechanical system at room temperature.
We also investigate the nonlinear effect on the paramet-
ric amplification as well as the thermomechanical noise
squeezing.
In the experiment we use a 50 nm-thick by 500-µm-
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2square window of stoichiometric low-pressure chemical
vapor deposition SiN membrane supported by a 5×5
mm2 size and 200 µm-thick silicon frame from NOR-
CADA Inc. The resonant frequencies of the membrane’s
vibrational modes are fij =
√
σ(i2 + j2)/4ρl2, where
σ ∼ 0.9 GPa is the tensile stress, ρ ∼ 2.7 g/cm3 is the
mass density, l is the side length of the square mem-
brane, and i, j are the positive integer mode indices.
The membrane has typical vibrational frequencies in the
MHz range and Q factors in the range of 105−106 [38–43].
Recently, ultrahigh Q factors have been demonstrated in
SiN membranes [44–46]. Moreover, the optical absorp-
tion of the membrane is ultralow for the near infrared
light. These features enable the SiN membrane as an
excellent candidate for studying optomechanics.
FIG. 1. (a) The image of the SiN membrane attached to the
ring piezo actuator with minimum glue used at three corners.
(b) The frequency shift of (3,3) mode as a function of the
voltage applied on the ring piezo actuator. (c) The schematic
of the experimental system. The signal/pump fields are for
the parametric amplification process, and the drive/feedback
fields for stabilizing the vibrational eigenmodes. Beam split-
ter (BS); proportionalintegralderivative controller (PID); the
phase channel of the lock-in amplifier (θ).
The membrane chip is directly glued to the ring piezo
actuator at three corners, as shown in Fig. 1(a). As
the piezo actuator expands in the thickness mode, it will
contact the radial mode. Hence, the geometry of the
substrate will be perturbed, which leads to the changes
of the stress and the spring constant of the membrane.
Figure 1(b) presents the dependence of the frequency of
(3,3) mode as a function of the voltage applied on the ring
piezo actuator. The red dots are the experimental data
and the blue line is the linear fit, which indicates that the
frequency sensitivity for (3,3) mode is -100Hz/V. We will
show that this relation holds for a wide dynamic range
and can be utilized to study many fascinating effect, such
as parametric amplification. The frequency dependence
for several other modes is also investigated. We find that
the induced frequency fluctuations of different vibrational
modes under such conditions are highly correlated. This
feature is utilized to stabilize the vibrational eigenmodes
in the experiment, which has a faster response compared
to the photothermal feedback [28, 47].
The experimental schematic is shown in Fig. 1(c). The
membrane is placed in a vacuum chamber which is ion-
pumped to ∼ 10−8 torr. The electric fields applied on
the ring piezo actuator include the signal/pump fields for
the parametric amplifier, and the drive/feedback fields
for stabilizing the vibrational eigenmodes. The mechan-
ical oscillations are transduced optically by a Michelson
interferometer with displacement sensitivity better than
10−14 m/Hz1/2. It is worth noting that the displacement
sensitivity can be significantly enhanced by placing the
current membrane system inside a high-finesse optical
cavity without any modification. The Michelson inter-
ferometer is stabilized with a second piezo actuator, as
shown in Fig. 1(c).
The equation of motion for a parametrically excited
mechanical oscillator is [29]
x¨+
ω0
Q
x˙+
k0 + kp cos 2(ω0 + ∆p)t
m
x =
F0
m
cos[(ω0+∆s)t+φ],
(1)
where x(t) is the membrane displacement, m is the ef-
fective mass, ω0 is the eigenfrequency of the mechanical
oscillator, Q is the quality factor, k0 = mω
2
0 is the spring
constant, kp(F0) is the amplitude of the pump (signal)
field, ∆p(∆s) is the frequency detuning of the pump (sig-
nal) field, and φ measures the phase of the signal relative
to the pump field.
Assume the system is in the limit of weak damping and
small oscillation, the secular perturbation theory [48] can
be used to solve Eq. (1). We consider the parametrically
pumped mechanical response spectrum of the membrane
oscillator under the degenerate case, where the pump fre-
quency is always tuned to be twice the signal frequency,
i.e. ∆p = ∆s = ∆. Then the response amplitude is
a = −2∆ + i+ (kp/kth)e
−2iφ
4∆2 + 1− (kp/kth)2 . (2)
Here kth = 2k0/Q is the instability threshold of the para-
metric amplification, and a constant response factor is
omitted in Eq. (2).
As one can see in Eq. (2), the parametrically pumped
mechanical response spectrum is sensitive to the relative
phase between the pump and signal fields. Figure 2(a)
shows a Lorentzian profile of the signal field when the
parametric pump field is absent. When the signal field
has a phase pi/4 relative to the pump, i.e. φ = 45◦,
there is a symmetric mode splitting in the mechanical
response spectrum, as shown in Fig. 2(b). The origin of
mode splitting in the spectrum is the destructive inter-
ference in cooperation with the dissipation of the mem-
brane oscillator. When the signal field is perfectly on
resonant with the eigenmode of the membrane oscilla-
tor, i.e., ∆ = 0, the signal and pump fields are exactly
3FIG. 2. Theoretical simulations for (a) without parametric
pump; (b) φ = 45◦; (c) φ = 45◦ − 1.5◦; (d) φ = 45◦ + 1.5◦.
kp/kth = 0.9 for all the cases in (a-d). (e-f) Experimental
measurements for the cases corresponding to (a-d), respec-
tively.
out of phase, and they will interfere destructively to pro-
duce the deamplification for the signal field. The sup-
pression of the signal field is limited to -3 dB when the
pump strength approaches to the parametric instability
threshold [30]. When the signal and pump fields are not
exactly out of phase (φ = 45◦), the mode splitting be-
comes asymmetric, as illustrated in Figs. 2(c) and 2(d),
in which the relative phase is 1.5 degrees deviated from
pi/4, i.e., φ = 45◦ ± 1.5◦. The Fano-like resonance will
appear by further increasing the relative phase. Such a
spectroscopic signature of parametric amplification in the
out of phase situation has also been observed in the opti-
cal parametric amplifier [49]. In analogy to the quantum
optical systems, the phase-sensitive mechanical paramet-
ric amplifier can be useful for applications such as phase-
sensitive switching [50, 51], information storage [52], logic
operations [53], et al. Figures 2(e-f) present the experi-
mental measurements correspond to the cases shown in
Figs. 2(a-d) respectively. The parametric pump strength
is below threshold with kp/kth = 0.9 in Fig. 2.
When the signal field resonates with the eigenmode of
the membrane oscillator, and the pump field is perfectly
tuned to be twice the signal field, i.e., ∆ = 0, the gain of
the parametric amplifier is [48]
G =
|x|pump on
|x|pump off = [
cos2(φ+ pi/4)
(1− kp/kth)2 +
sin2(φ+ pi/4)
(1 + kp/kth)2
]1/2.
(3)
Figure 3 represents the amplitude gain as a function of
the pump amplitude relative to the pump threshold. The
FIG. 3. Parametric amplification/deamplification as a func-
tion of the pump amplitude relative to the pump thresh-
old. The black diamonds show the deamplification case, i.e.
φ = pi/4. The red squares, blue dots, and green triangles
illustrate the parametric amplification (φ = −pi/4) for dif-
ferent signal amplitudes respectively. The nonlinearity limits
the amplifier gain. The blue dashed line indicates the in-
stability threshold, which is determined by the onset of the
self-oscillation.
black diamonds represent the deamplification case. The
sine term in Eq. (3) dominates when φ = pi/4, and this
leads to the suppression of the signal field, which is lim-
ited to -3 dB near the instability threshold. On the con-
trary, the cosine term remains if φ = −pi/4, which results
in the amplification of the signal field. Previously, we do
not consider the nonlinearity, therefore, as the pump am-
plitude approaches to the threshold, the parametric gain
increases to infinity if φ = −pi/4. However, in practi-
cal systems the nonlinearity always exists, even compar-
atively small nonlinearity will limit the amplifier gain.
The red squares, blue dots, and green triangles respec-
tively represent the parametric amplification for differ-
ent signal amplitudes, and they are saturated at different
gain levels, as one can see in Fig. 3. The maximum gain
obtained below the threshold is ∼ 10 instead of infin-
ity. Although the nonlinearity degrades the performance
of parametric amplifier, it provides the opportunity that
the nonlinear parametric amplifier can be operated above
the linear instability threshold, which can be utilized to
study non-equilibrium physics [37].
A high mechanical Q factor is essential to optomechan-
ics. We find that Q factor with parametric excitation in
the current system can be greatly enhanced upon already
very high Q in the SiN membrane. Figure 4 shows the
dependence of Q factor for different pump amplitudes.
The enhancement of Q factor more than two orders of
magnitude has been observed due to the coherent ampli-
fication, reaching a Q factor of ∼ 3 × 108 at room tem-
perature. The highest Q factor obtained in the current
4FIG. 4. The enhanced mechanical Q factor with parametric
excitation as a function of the pump amplitude relative to the
threshold. The inset is the mechanical ringdown for Q ∼ 106
and 108. The red thick curves are the experimental data and
the blue thin curves are the exponential fits.
system is operated slightly above the threshold and in
the weak nonlinear region. When the parametric pump
is well above the instability threshold, more interesting
nonliear dynamic processes can happen, which will be our
future studies. The current system offers the opportunity
of combining strong nonlinearity and parametric amplifi-
cation, which can lead to interesting dynamics phenom-
ena. As far as we know, this is the highest Q factor has
been directly measured in a SiN membrane. In princi-
ple, a higher Q factor is possible to achieve by choosing
a vibration mode with a larger intrinsic Q factor. The
inset shows the mechanical ringdown measurements cor-
respond to the cases for Q ∼ 106 and 108.
FIG. 5. The probability density functions of the membrane
oscillator in the phase space for the thermal (a) and paramet-
rically squeezed (b) cases, respectively.
A further interesting development related to the para-
metric amplification is to create a mechanical squeezed
state. The thermal motion of the membrane oscilla-
tor can be decomposed into two quadratures x(t) =
X1(t) cosω0t+X2(t) sinω0t in a frame rotating at the me-
chanical resonance frequency ω0, where X1(t) and X2(t)
are stochastic Gaussian noise with variance < X21 >=<
X22 >= kBT/mω
2
0 , where kB is the Boltzmann constant
and T is the temperature. When the parametric pump
field is applied, the quadrature of the motion in phase
with the parametric modulation is amplified and the or-
thogonal quadrature is deamplified, leading to the para-
metric squeezing of the thermal mechanical motion in the
phase space. This can be better understood by substitut-
ing the stochastic force for the coherent signal field on the
right term of Eq. (1), therefore, the gain of the thermal
noise with parametric pumped is sensitive to the relative
phase between the pump field and the noise, and we find
that the variances of the two quadratures of the motion
have a similar behavior of the parametric gain as shown
in Fig. 3. X1(t) and X2(t) are measured by the two-
phase lock-in amplifier (Zurich Instruments HF2LI). The
probability density functions of the membrane oscillator
in the phase space for the thermal and parametrically
squeezed cases are shown in Figs. 5(a) and 5(b), respec-
tively. The noise reduction of -2.1 dB has been observed.
A few schemes have been proposed and realized to sur-
pass the -3 dB limit, for example, stabilized parametric
squeezing [25].
In conclusion, we have realized a versatile platform for
studying cavity optoelectromechanics by combining the
piezoelectric effect with a stoichiometric SiN membrane,
adding to the capabilities developed in membrane-based
optomechanical systems in the last decade. The degener-
ate parametric amplification is demonstrated in the cur-
rent system, including mode splitting in the mechanical
spectroscopy, Q enhancement, and thermal noise squeez-
ing. The achieved f×Q product is more than two orders
of magnitude greater than the requirements for optome-
chanical cooling to the ground state from room tempera-
ture, i.e. kBTroom/h. Moreover, it is possible to squeeze
quantum noise of mechanical motion at room tempera-
ture and investigate optomechanics in nonlinear quantum
regime. This opens the path to applications in funda-
mental physics, ultrasensitive measurement, and quan-
tum control.
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